Szöke
5 also proposed X-ray fluorescence holography (XFH), and independently Gohshi 12 proposed the possibility of XFH. Atomic resolution structural analysis similar to the X-ray photoelectron holography was expected for XFH. Szöke's prediction for XFH was numerically simulated by Tegze and Feigel 13 and by Len et al. 14 The first experimental reconstruction of atomic resolution XFH was performed by Tegze and Feigel 15 for SrTiO 3 single crystal, and the meaning of the XFH was explained by Fadley and Len 16 , Kawai 17 , Tsuyumoto 18 , and in a newspaper. 19 Three months were required to acquire an X-ray fluorescence hologram in the first experiment. 15 Recently, the multiple-energy X-ray fluorescence holography (MEXH) method [20] [21] [22] , which is the result of the optical reciprocity theorem applied to XFH, has been used and the required time was two orders of magnitude shorter than in the first experiment.
In the present paper, we report XFH of SrTiO 3 (001) using synchrotron radiation excitation, and compare it with the XPED 23 of the same material. Because XFH raw data has not yet been presented in any XFH papers, we believe that the XFH of SrTiO 3 , which has already been reported by Tegze and Feigel 15 , is still worthy of reporting from a viewpoint of chemical analysis.
Experimental
Measurements were performed at a synchrotron bending magnet beam line BL-4A at the Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization, Tsukuba, Japan. The electron storage ring current was between 400 and 200 mA during the measurements. The incident X-ray beam size was 1.0×1.0 mm 2 and the X-ray energy was 16.5 keV. The sample measured was SrTiO 3 (001) single crystal, the dimensions of which were 10.0×10.0 mm 2 and 0.5 mm thick. We purchased five single crystals from Shinkosha Co. (Tokyo, Japan), which was the same company from which we purchased SrTiO 3 single crystals when we measured XPED ten years ago. 23 The single crystals were checked by the X-ray Laue pattern, and one of them was used for the present experiment.
The schematic illustration of the experiment is shown in Fig. 1 . The single crystal was set on a rotatable stage. The X-ray fluorescence exit slit was an aperture of 2.0 mm diameter and its distance from the sample surface was 130 mm (the angle resolution was 0.88˚). The experiment was performed in air. X-Ray detector was Si(Li) solid state detector. The signal of the tails of the X-ray diffraction peaks, the energy of which was 903 ANALYTICAL SCIENCES OCTOBER 1998, VOL. 14 1998 © The Japan Society for Analytical Chemistry X-Ray Fluorescence Holography of SrTiO 3 Compared with X-Ray Photoelectron Holography 16 .5 keV, were made deliberately low using the solid state detector and a single channel analyzer. The incident X-ray beam intensity was monitored by an ionization chamber.
A representative measured X-ray fluorescence spectrum is shown in Fig. 2 . The X-ray counts of the energy range between 13.7 and 14.5 keV (shaded area in Fig. 2 ) were measured using a single channel analyzer and a counter. The incident X-ray energy (16.5 keV) was far above the counter window maximum (14.5 keV) to avoid counting the incident X-rays scattered by the sample. But it was close enough to the Sr K edge to maximize the photoionization cross section. The measured Sr K α X-ray fluorescence intensity was normalized with respect to the incident X-ray intensity, because the incident synchrotron X-ray intensity decayed exponentially during one scan. Then the normalized fluorescence intensity I(θ, ϕ) was transformed into χ(θ, ϕ) using the following expression:
where I 0 was the average intensity over the whole ϕ scan range. The definitions of θ and ϕ are displayed in Fig. 3 . The z axis is taken as perpendicular to the (001) plane. The polar angle θ is the co-latitude, which is measured from the z axis. The [110] direction is taken as ϕ=0˚, and [100] direction is defined as ϕ=45˚ (see Fig. 3 ). We also defined that the [100] direction would be taken as φ=0˚ (see Fig. 3 ), which is used in XPED below. The raw χ(45˚, ϕ) data are shown in Fig. 4 for -60˚≤ϕ≤60˚, but this data has already been normalized with respect to the incident X-ray intensity. Each dot is one piece of the raw data, in which the dwelling time of one channel was 10 s and the five scans were accumulated (50 s); the total time to measure theχ(45˚, ϕ) data shown in Fig. 4 was 100 min. The solid line in Fig. 4 is the data two-time smoothed by the 15-point Savitzky-Golay method. 24 Though the S/N of the raw data was not good, the smoothing clarified the fine structure in the anisotropy of X-ray fluorescence intensity. Figure 5 shows the measured hologram for 35˚≤θ≤55˚ with 5˚ steps and -60˚≤ϕ≤60˚ with 1˚ steps, after the data were normalized and smoothed by the above mentioned procedure. The data for θ =45˚ are identical to the solid line in Fig. 4 . The total time for the measurement of Fig. 5 was 9 h. Though the signal to noise ratio of the raw data shown in Fig. 4 is not good, it is striking that the patterns have a two-fold rotary-reflection axis at ϕ=0˚ in Fig. 5 . That is to say, 904 ANALYTICAL SCIENCES OCTOBER 1998, VOL. 14 the X-ray fluorescence hologram of -60˚≤ϕ ≤0˚ is reproduced in the range of 60˚≥ϕ ≥0˚ for each polar angle. The crystal structure of SrTiO 3 is the perovskite structure. Thus ϕ=0 and 45˚ are on the mirror planes, though ϕ=45˚ mirror plane is not clear from the present ϕ scan range. From the Sr K α X-ray fluorescence hologram, Tegze and Feigel 15 could only reconstruct the Sr lattice image near the X-ray emitting Sr atom. This was because the X-ray scattering amplitude was weak for low atomic number elements such as Ti and O. Thus in the present work, the anisotropy of Sr K α X-rays in Fig. 5 may be regarded as the result of X-ray scattering by surrounding Sr atoms. The X-ray wavelength of the measured Sr K α (14.1 keV) was 0.88 Å, which was one-fourth of the Sr-Sr distance (3.905 Å) in a SrTiO 3 crystal. The forward scattering is dominant for the X-rays scattered by an isolated atom for this X-ray wavelength region. Thus, some of the peaks in Fig. 5 are due to the fluorescent X-rays forwardly scattered by neighbor Sr atoms. It is well understood that the strong peaks in XPED pattern of SrTiO 3 are due to the photoelectrons forwardly scattered by neighbor Sr, Ti, and O atoms. 23 Figure 6 shows the XPED pattern (X-ray photoelectron holography) of SrTiO 3 measured by Al K α radiation (1487 eV). 23 The Sr 3d photoelectron kinetic energy was 1352 eV and the electron wavelength was thus 0.33 Å. The peaks numbered 3 and 4 in Fig. 6 are due to the forward scattering by oxygen atoms. This forward scattering is shown in Fig. 7 , where the arrows are numbered by the same numbers as in Fig. 6 . Comparing the peak positions of XFH with those of the XPED, we see that peaks 5 and 6 in XPED are positive peaks in XFH, but peaks 4 and 8 in XPED are negative peaks in XFH. Peaks 5 and 6 are the peaks scattered by the second nearest neighbor Sr atoms (the distance is 5.52 Å), and peak 8 is that scattered by the third nearest neighbor Sr atom (the distance is 6.76 Å) and peak 4 is that scattered by farther ones. In the present study, fluorescent X-ray peaks scattered by the first nearest neighbor Sr atoms could not be measured because of 905 ANALYTICAL SCIENCES OCTOBER 1998, VOL. 14 the geometric hindrance of the experimental setup, though the X-ray fluorescence observation from the [001] direction (the first nearest neighbor direction) has the primary importance for XFH. Thus the XFH patterns cannot be interpreted by the forward scattering of X-rays, and a Fourier transform of the two dimensional pattern is required to reconstruct the three dimension crystal image. Details of the Fourier transform analysis of the present XFH data will be reported shortly. 24 It will also be shown that the numbers of the data points in the present measurements are large enough to reconstruct the crystal structure, because any part of a hologram has information on the whole crystal structure. It is found from Fig. 5 that the corresponding peak positions, such as peaks 5 and 6, are exactly identical, or strictly speaking, the accuracy of experimentally obtained angles at which the fluorescent X-ray intensity has a maximum is not good. However, the accuracy of angles does not affect the reconstructed atomic distances because of the property of the hologram. It is very difficult to discriminate the XFH from the Kossel effect 25 , which is the effect of fluorescent X-ray diffraction by the crystal plane. The Kossel effect produces ring patterns in the XFH, which will become a large problem in the Fourier analysis of XFH.
Results and Discussion
In summary, we have measured geometrical anisotropy (X-ray fluorescence hologram) of Sr K α X-ray fluorescence intensity of SrTiO 3 . Nine hours were required to measure one hologram using a bendingmagnet synchrotron-radiation beam line. This measuring time is suitable for practical chemical analysis. The X-ray fluorescence hologram was compared with X-ray photoelectron diffraction pattern, and some peaks in Xray photoelectron diffraction pattern were again peaks 
